Abstract: Various studies investigating the future impacts of integrating high levels of renewable energy make use of historical meteorological (met) station data to produce estimates of future generation. Hourly means of 10m horizontal wind are extrapolated to a standard turbine hub height using the wind profile power or log law and used to simulate the hypothetical power output of a turbine at that location; repeating this procedure using many viable locations can produce a picture of future electricity generation. However, the estimate of hub height wind speed is dependent on the choice of the wind shear exponent α or the roughness length z 0 , and requires a number of simplifying assumptions. T his paper investigates the sensitivity of this estimation on g eneration output using a case study of a met station in West Freugh, Scotland. The results show that the choice of wind shear exponent is a particularly sensitive parameter which can lead to significant variation of estimated hub height wind speed and hence estimated future generation potential of a region.
Introduction
Various influential studies investigating the impacts of the variability of renewable resources begin with meteorological (met) station data, as this is often readily available over a wide geographic area [1] [2] [3] . Alternative studies instead rely on statistical methods, e.g. [4] , have direct access to wind farm generation data, e.g. [5] , or take a black box approach and consider the impact of wind at a system level, based upon industry forecasts and policy targets, e.g. [6] .
A typical weather station will log hourly mean horizontal wind and gust speeds at a standard height of 10m, which may be extrapolated to estimate the wind speed at a standard wind turbine height. B y applying a wind turbine power curve, the wind speed can be converted into a hypothetical generation output, and repeating this process to a greater number of turbines and to a wider geographical area can give insight into how a future involving a high penetration of renewable energy may look.
Two common analytical models are used to map the wind velocity profile with height, and hence allow the calculation of horizontal wind speed at a certain elevation over the earth's surface: the log law and the power law [7] . In reality, the complex and dynamic nature of the atmospheric boundary layer means that one single profile will not provide a consistently reliable extrapolation of wind speed from one height to another. The variables in the log and power laws therefore are particularly important to consider when performing the kind of future resource study suggested above. T his paper investigates precisely this sensitivity by carrying out a resource analysis of hourly mean wind data for a met station in West Freugh, Scotland, in the same manner that other influential resource studies [1] [2] [3] have used.
First, the relevant background literature and the methodology used in this research are presented, with particular focus given to the assumptions made in the analysis. The findings of the research are then discussed, the implications identified, and avenues for future research are highlighted.
Background literature
There are two main analytical models used to extrapolate wind speeds to greater heights: the log law and the power law. In general, the two models have been shown to perform equivalently in shear extrapolation predictions on average, although at any particular site one model may be better than another [8] . However, for either approach, large errors in the predictions are common and this error is exacerbated further when energy production is estimated. This section introduces the theory and assumptions behind these two approaches, and indicates some of the previous work into better understanding and applying them.
The Logarithmic Law
The log law's origins lie in boundary layer fluid mechanics and atmospheric research [7] . For determining the horizontal velocity u at a height z is commonly expressed (1) Where * u is the friction velocity, k is the von Karman constant and z 0 is a measure of surface roughness known as the roughness length; u * and k are generally determined from a graph of experimental data [9] .
There are cases where wind velocity u 1 is known at a reference height z 1 , and required at another z 2 , in which case it can be derived from equation 1 that This is a simpler expression to solve, as it eliminates the need to calculate the friction velocity and von K arman constant, which can be difficult to estimate in the atmosphere. A neutral wind profile is assumed [9] , where convection is negligible, the lapse rate (the fall of temperature in the troposphere with height) is nearly adiabatic and stratification is nearly hydrostatically neutral (i.e. there is no vertical wind flow in the atmosphere without excitation).
Seasonal variations in local terrain characteristics can have a profound influence the on estimation of z 0 (due to changes in foliation, vegetation, snow cover etc.). Table 1 extracts some guideline roughness lengths for different types of terrain as given in the European Wind Atlas [10] . 
The Power Law
The power law [9] is an empirical equation, expressed
Where α is the wind shear coefficient or power exponent, an empirically derived constant applied over the height range that the power law is applied. Calculating the wind shear coefficient becomes trivial if the wind speeds at two heights are known, as equation 3 may be rearranged in terms of α
The exponent α is a dynamic value that is dependent upon the stability of the atmosphere. The wind shear exponent may be taken as constant for a given height in a given height range, but a different α should be chosen depending on t he height range over which the power law is applied [9] . F or neutral stability conditions, α is approximately 1/7, or 0.143 (this rule of thumb is known as the "1/7 ths power law"), regarded as a reasonable but conservative estimate [11] . However, various site specific studies have found that the coefficient is actually greater, and that this leads to underestimation of the energy resource available [12] [13] [14] .
Usage of the two laws
Each method requires knowledge of a wind speed at a reference height, and one further coefficient: a roughness length z 0 in the case of the log law and a wind shear coefficient α in the case of the power law. Both may be calculated using on site measurements, but the power law is common engineering practice [15] favoured by the wind industry and consultants, as the wind shear coefficient is a dynamic value that varies according to a l arge number of factors including time of day, season, atmospheric stability and regional topography [11] . The log law on the other hand is only valid under certain assumptions regarding atmospheric stability, and actual profiles may deviate from the log law. In the wind industry the two methods are generally checked where possible to ensure that they provide similar results [15] .
Unlike wind developers, many researchers do not have the resources to conduct field investigations (for example, by erecting weather masts) to determine the horizontal wind characteristics at likely development sites, and instead rely upon available 10m met station data and shear profile extrapolation for their models, often over a large height range and assuming one constant annual value. 
Methodology
Meteorological data for this study was obtained from the British Atmospheric Data Centre MIDAS database for a station located at West Freugh airfield, Scotland. A wider number of sites were considered, but this site was chosen because it provided a reliable and continuous data set. Five years (2005-2009) of Hourly Climate Messages (HCM) were chosen over Synoptic (SYNOP) data for analysis, as the latter relies on a 10min wind sample to produce an hourly average. HCM readings sample continuously to produce an hourly average mean wind at a standard height of 10m. T he readings were recorded to the nearest knot, but converted to SI units for analysis.
The literature identified that the log and power law extrapolations were each dependent on a single parameter: the surface roughness z 0 and the wind shear coefficient α respectively. Four surface roughness lengths were selected for analysis using Table 1 , based upon a n understanding of the site topography (i.e. an airfield with building and trees being the best description, and hence the starting point) and similarly, a range of four shear coefficients were also selected, using the 1/7 th power law as a starting point. B oth sets of parameters were selected to represent a realistic spread of values that an analyst might take for the site [15] .
A Vestas V80 2MW wind turbine power curve was used for calculation of generation output, with an assumed hub height of 60m. The generation outputs were calculated each year for each of the extrapolated profiles of 10m wind speed, producing an apparent indication of the site's annual capacity factor, energy production, zero generation hours and the proportion of time when a hypothetical turbine would be producing no power output.
Results
Annual capacity factors, based upon wind speed extrapolation to 60m, are shown in Figure 1 , with all other results summarised in Table 2 . A sample week (from June 2005) has been extracted from the analysis and used to illustrate the change in estimated 60m wind speed and generation outputs under each law; this is shown in Figure 2 . Figure 3 maps the profile of wind speed with height from a starting height of z 1 =10m, using the log and power law with the variables specified in the methodology. A typical wind speed of u 1 =5ms -1 was a chosen to illustrate this behaviour. The extrapolated wind speeds at z=60m are emphasised for discussion, as this was the height of interest in this study. 
Discussion
It is clear that the base case parameter choices (z 0 = 0.02m and α = 0.143) follow a near identical profile (Figure 3 ), and hence produce very similar capacity factor estimates and total amounts of energy annually (Table 2) . T his is to be expected, as both represent neutral stability conditions. The parameter values in this study were selected to represent the realistic values an analyst might take for the West Freugh site, as discussed earlier in the methodology. Through these choices a wider range of surface roughnesses than shear coefficients were applied (a percentage change of 1000% in z 0 and 300% in α respectively, from the lowest to highest values). Regardless of this disparity, which would be expected to favour a tighter knit set of results for the power law, Figure 3 shows that the range of extrapolated wind speeds at 60m was in fact considerably larger for the power law than the log law (0.65ms -1 and 2.58ms -1 respectively). This trend is also clearly observed in Figure 2 (a) and (b); in the former, the wind speeds for each series are banded close together, in the latter they are considerably more widespread.
Figure 2 also very clearly illustrates the variable nature of the wind resource and the importance that it has on the output of a wind turbine. The sensitivity of the power output is pronounced for different shear coefficients, though relatively similar generation profiles are produced for the range of surface roughnesses, as shown in Figure 2 (c) and (d). This is similarly observed in the clustered nature of the log law annual capacity factors in Figure 1 , compared to a considerably wider range for the power law.
The reason for the pronounced difference in generation outputs, observed particularly strongly using the power law, is that wind turbine power is related to the cube of wind speed, so a difference in the wind speed error becomes far more significant in a generation calculation. This is best illustrated with an example; the mean 60m wind speed calculated for West Freugh in 2005, using α = 0.100 and α = 0.200, together with the limits of one standard deviation, is overlain onto a Vestas V80 power curve in Figure 4 . As the cumulative energy generated is calculated by integrating under the area of the curve, it is clearly illustrated how a small change in mean wind speed estimate equates to a significantly larger area under the curve, and hence a large change in total generated energy. 
Conclusions
It is clear from the results that the wind shear coefficient is a more sensitive parameter than surface roughness, and that an equivalent percentage change to each value will impact the wind speed and generation estimates more robustly than when using the log law. However, if properly used, the power law can provide a more accurate idea of the renewable energy output of a particular site or area than the log law, which requires neutral stability conditions to be scientifically exact.
This study is not suggesting that either the power or log laws are intrinsically good or bad, but rather highlights the importance of the quality of information that goes into a model. It is important that there is a good understanding of the site before attempting to apply a single parameter to characterise the system, particularly as in reality the wind shear coefficient is a dynamic value dependant on a large number of parameters.
In order to understand the accuracy of using a single wind shear for the power law model, it is important to compare this theoretical generation data to the output for a real wind farm. Without this information, a critical analysis of this type of approach to future resource estimate cannot be made. A nother interesting topic for future research will be to look into how different wind turbine designs, with different power curve characteristics, may change the energy yield of a s ite. Both of these are aspects of research that the authors intend to investigate in future studies. 
